Abstract In this work the anodic aluminum oxide (AAO) was produced by two-step self-organized anodization of two classes purity aluminum in 0.3 M sulfuric acid aqueous solution with addition of ethylene glycol as the solution modifier. The arrangement analysis method based on fast Fourier transforms was applied to characterize the porous arrays ordering. The quality, arrangement, circularity and regularity of nanoporous AAO formed on the low-purity (AA1050) and high-purity aluminum were investigated in details. It was found that the regularity of the nanopores ordering obtained on low-purity aluminum at applied experimental conditions was extraordinarily high while compared to the data published previously. The relation between the structural features of nanopores as well as aluminum concaves ordering obtained in two-step anodization process depending on the step of reaction, was analyzed. It was proven that purity of anodizing aluminum influence the interpore distance, wherein the purer aluminum the smaller interpore distance. The observed phenomenon was discussed in details in accordance with intrinsic mechanism. Furthermore, there are no simple relations between regularity ratio of obtained nanostructures and the step of anodizing.
Introduction
Nowadays the nanofabrication becomes one of the most important filed in the materials science and industry, because of unique, desirable and unusual properties of nanomaterials. One of the most commonly used approach of manufacture nanomaterials such as nanodots [1, 2] , nanowires [3] [4] [5] [6] [7] and nanotubes [8, 9] of metal, oxide or semiconductor [10, 11] is template assisted method with the use of anodic aluminium oxide (AAO) as a template. In this aspect the arrangement of nanopores of the nanoporous aluminium oxide template is very important parameter, because it determines the arrangement of the fabricated nanomaterials [12] .
Since Masuda and Fukuda [13] in 1995 invented the self-organized two-step method for the production of wellarranged anodic aluminium oxide (AAO) template, researchers are still make efforts oriented on finding new two-step self-ordering anodization condition. Typically, the two-step anodization of aluminium is conducted in sulfuric [14, 15] , oxalic [16, 17] and phosphoric [18, 19] acid aqueous solution at voltages in the range of [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] and 120-195 V, respectively. Depending on the anodization electrolyte, it is possible to obtain AAO membrane with cell diameter in the range of 25-75, 75-125, 375-525 nm in sulphuric, oxalic and phosphoric acid solution as electrolyte, respectively. According to research published recently, it is possible to extend this range up to 530-670 nm in cell diameter by using etidronic aqueous solution as novel self-ordering electrolyte and anodizing Al foils at voltage in the range 210-270 V at 0-60°C [20] . What is more, additions of various modifiers to well know electrolytes [21] or to the new ones are recently reported in numerous papers [20, [22] [23] [24] . Usually the anodized aluminium is high purity (99.99%), but there are many papers about anodized aluminum alloys [21, [25] [26] [27] [28] [29] , because they are generally less expensive and more accessible then highpurity aluminum.
According to Masuda and Fukuda [13] , during two-step anodization in the first step the disordered oxide is formed and concaves are generated at the metal-grown oxide interface. To obtain long-ordered arrangement of nanopores the second step of anodization is necessary. In this aim the nanoporous anodic aluminium oxide formed as the result of the first step of anodization is removed, the concaves are being revealed by selective chemical oxide removal and after that the second, providing highlyordered, concaves-based anodic aluminium oxide are formed. According to the two-step self-ordering aluminium anodization mechanism, the concaves formed during the first step of the reaction determine the quality of anodic alumina oxide formed after the second step of anodization. It suggests that the concaves and AAO obtained in second step of anodization should have comparable arrangement. In this paper we try to check this statement.
In this paper the arrangement analysis method based on fast Fourier transforms (FFT) was applied to investigate quantitatively arrangement of AAO formed in 0.3 M H 2 SO 4 with ethylene glycol (EG) as additive after the first step of anodization, concaves obtained after the oxide removal and arrangement of the final porous arrays. The relationship between arrangement, circularity and regularity ratio of AAO formed after the first step of anodizing, concaves obtained after the oxide removal and AAO formed after the second step of anodizing in sulphuric acid solution with EG as modifier were investigated in details. Additionally, the differences between nanopores arranging of anodic aluminum oxide formed on low-purity and highpurity aluminium were studied.
Experimental
Samples made of high-purity aluminum foil (99.9995% Al, Puratronic, Alfa-Aesar) and commercially available lowpurity aluminum foil (99.5%, AA1050) were prepared and anodized according the procedures described previously [21] . Briefly, the Al foils were cut into samples (20 9 20 mm), next degreased in acetone and ethanol and subsequently electropolished (ethanol:HClO 4 1:4 vol. mixture, 10°C, 0.5 A/cm 2 , 1 min), rinsed with distilled water, ethanol and dried. A two-electrode electrochemical cell with Pt grid as cathode and Al samples as anode were used in the anodizing process. For each process a working surface of the sample and the distance between electrodes were kept constant and it were 1.14 cm 2 and 1 cm, respectively. The anodization was performed in a mixture of sulfuric acid solution (0.3 M), water and glycol (3:2 vol.) at various voltages (15, 20, 25, 30, 35 V) and at temperature of -1°C without stirring [1] . The addition of modifier fulfill the following roles in the processes: (1) allows to reduce anodization current, oxide growth rate and the heat of reaction, (2) thanks to higher viscosity of electrolyte allows to applied higher potentials in comparison to aqua sulfuric acid solution, (3) allows to carry out the reaction at low temperature without stirring of the electrolyte, (4) allows to applied higher maximum anodization which led to obtained larger pores than previously obtained in sulfuric acid solution without adding of Table 1 The average pore diameter (D p ) and interpore distance (cell diameter, D c ) of anodic aluminum oxide formed after the first step of anodization, concaves obtained after the oxide removal, and anodic aluminum oxide formed after the second step of anodization of high-purity and low-purity aluminum in 0.3 M sulfuric acid with modulator at low temperature 26.6 ± 9.6 43.6 ± 9.8 [21] 49.0 ± 16.0 80.7 ± 1.3 76.9 ± 0.8 [21] modifier [30] . The aluminum oxide formed after the 17-hlong first step of anodization was chemically etched in a mixture of 6 wt% phosphoric acid and 1.8 wt% chromic acid at 60°C for 120 min. To obtain highly-ordered nanoporous alumina the second anodization at the same set of operating conditions as applied in the first step for 30 min was performed. An adjustable DC power supply with voltage range of 0-60 V and current range of 0-5 A, purchased from NDN model DF1760SL5A, was used to control the applied voltage. Morphology images of fabricated nanoporous alumina were taken using field-emission scanning electron microscope FE-SEM (FEI, Quanta).
Fast Fourier transforms (FFT) were generated and taken into further calculations with WSxM software (WSxM 5.0 Develop 6.2) [31] . To define difference in quality of obtained AAO membranes the quantitative assessment of the hexagonal arrangement of nanopores in AAO, consisting the regularity ratio and circulatity, was performed. To estimate the regularity ratio, radial average, being a distribution function of inversed interpore distance, was generated from each FFT image. For every anodizing voltage three images at each step of experimental conditions were taken at the same magnification-100.0009. To estimate the regularity ratio, following equation was applied (1) [32] :
where I-is intensity of the radial average, W is the width of the radial average at half of its height (FWHM), n is the number of pores on the analyzed image and S is analyzed surface area. Generally, higher value of regularity ratio meaning the better regularity of anodic aluminum oxide matrix. The better regularity of AAO template is important in many applications, for example in nanofabrication of nanostructures uses as metamaterials or photonic crystals.
Interpore distance was estimated as an inverse of the FFT's radial average [33] . The average interpore distance was estimated from three FE-SEM images for each sample. Pore diameter of the analyzed nanostructures was estimated from three FE-SEM images for each operating conditions, using NIS-Elements software.
The circularity was calculated for three images at the given set of experimental conditions. More information about geometrical parameters calculated methods was presented previously [32] . Fig. 1 FE-SEM images (a, d,  g ), their FFTs (b, e, h) with the intensity profiles (c, f, i) for AAO after the first step of anodization (a-c), concaves on the aluminum surface, formed after oxide removal (d-f) and AAO after the second step of anodization (g-
Results and discussion
In Table 1 the geometrical features (pore diameter D p , interpore distance D c ) of AAO formed after the first step of anodization, concaves after oxide removal and AAO formed after the second step of anodization are presented. The average pore diameter and interpore distance of AAO formed in both steps of anodization increase with applied voltage for high-purity as well as low-purity aluminum, which is in accordance with data presented before [21, [34] [35] [36] . The values of concaves interpore distance were similar to the values obtained for second AAO, what is expected according to the mechanism of aluminum twostep anodization. What is more, the D c obtained for second step of anodization on low-purity aluminum was higher than on high-purity aluminum for all studied potentials. Many papers [37] [38] [39] [40] proved that interpore distance are affected by type and concentration of electrolyte, applied voltage and reaction temperature. Although Kim et al. [41] analyzed the impact of purity of aluminum on the interpore distance showing no effect, but the difference with purity of aluminum was rather slight (99.999% Al was comparable with 99.8% Al), thus any alloying element effect was negligible in this case. In this study the difference with purity of anodizing aluminum was relatively big: highpurity aluminum was 99.9995% Al and low-purity aluminum was 99.5% Al. Moreover, all reaction parameters were fixed, so the differences in interpore distance were caused only by the purity of anodizing aluminum. It has Fig. 2 FE-SEM images (a, d,  g ), their FFTs (b, e, h) with the intensity profiles (c, f, i) for AAO after the first step of anodization (a-c), concaves on the aluminum surface, formed after oxide removal (d-f) and AAO after the second step of anodization (g-i) formed on high-purity aluminum in 0.3 M sulfuric acid with ethylene glycol as solution modulator Fig. 3 The disordered morphology of AAO after second step of anodization formed on high-purity aluminum at 35 V (top side view) been known that the D c increases with the applied potential [42] [43] [44] . Likewise anodization current density is made of ionic density (i i ) and electronic current density (i e ). It is commonly accepted that during the anodization process the ionic current density (i i ) can be further divided into oxidation current density (i o ) and incorporation current density (i c ) [42, 43] . The addition of EG to electrolyte change the viscosity and as a result decreased i i and i c -this effect concerns to both examinated aluminum foils. On the other hand the impurities present in low-purity aluminum can increase i e in compared to the high-purity aluminum during anodization, which can leads to receipt higher interpore distance in AAO made on low-purity aluminum foil. The quantitative arrangement analysis, based on fast Fourier transform (FFT), was performed for AAO formed after first step of anodization, concaves revealed after the oxide removal and AAO formed after the second step of anodization on low-purity (Fig. 1) and high-purity (Fig. 2) aluminum. For each state the exemplary FE-SEM images (Figs. 1a, d, g, 2a, d, g ), fast Fourier transforms (Figs. 1b,  e, h, 2b , e, h) and their intensity profiles (Figs. 1c, f, i, 2c , f, i) were presented. For ideal hexagonal pore arrangement a FFT pattern consist of six points on the ring perimeter. When in the ideal arrangement the deviation or defects appears, the FFT ring becomes blurred or even disc-shaped. In this paper the analysis of FFTs images indicated that nanostructures obtained on high-purity aluminum in every step of anodization had better arrangement than respective nanostructures formed on low-purity aluminum. The most regular shapes of FFT ring and consequently best arrangement was observed after the second step of anodization, what was expected.
It was found that during anodization of high-purity aluminum at 35 V the AAO formed after the second step is deformed (Fig. 3) . On the surface one can see nanostructures more similar to aluminum oxide nanotubes than nanopores. Additionally, on the AAO produced on highpurity aluminum at 35 V the crash and hillocks are present because of the incorporated SO 4 2-ions, which has already been reported [21] . The presence of such structures resulted in decrease of regularity ratio for the AAO obtained on high-purity aluminum at 35 V after the second step of anodization (Fig. 4b) .
The regularity ratio calculated for nanostructures obtained in each step of anodization in a function of applied potential was demonstrated in Fig. 4 . Qualitatively, the slightly better arrangement of all obtained nanostructures was for high-purity aluminum than for low-purity aluminum (compare Fig. 4a, b) . On the other hand those differences in regularity ratio values between AAO template made on high-purity and low-purity aluminum with comparing to the lower cost of low-purity aluminum were not so significant and this is fully acceptable. For anodization carried out on low-purity aluminum, the highest regularity ratio was observed for second AAO formed at 35 V. Importantly, the nanostructures formed on low-purity aluminum are characterized with a very high regularity, which is quite extraordinary compared to the data published before [30] . In contrast, for anodization carried out on high-purity aluminum, the highest regularity ratio was observed for concaves produced at 30 V. As it was mentioned above, at higher voltages the ordering of nanopores becomes worse because of the crash and hillocks formation on the AAO surface [21] . For low anodizing voltage the regularity ratio AAO formed after first step of anodization, concaves and AAO formed after the second step of anodization, are comparable. The arrangement of AAO obtained on high-purity aluminum at 20 V after the first step of anodization is better than arrangement of the concaves or AAO formed after the second step of anodization. Above 25 V the ordering of concaves and AAO formed after the second step of anodization is much better than for AAO obtained after the first step of anodization, what is in accordance with the mechanism of two-step aluminum anodization. However the arrangement of concaves and AAO formed after the second step of anodization change in unpredictable way. Notwithstanding, there is no simple relation between regularity ratio of obtained nanostructures and the step of anodizing. It is well know that the greater voltage leads to better arrangement of AAO nanopores. According 10% porosity rule provides by Nielsch et al. [44] the anodization of aluminum under optimum self-ordering condition leading to a quasiperfect hexagonal arrangement of pores. For mild anodization process conducted at 10°C in 0.3 M sulfuric acid used as electrolyte the optimum self-ordering voltage is 25 V [45] [46] [47] . In this research the mixture of sulfuric acid and EG as electrolyte was used, which allows to extend the range of applied anodizing voltage (from 15 V up to 35 V) without burning phenomena occurs. According to intrinsic mechanism the modification of electrolyte by addition of ethylene should leads to decrease of dissociations constant, which leads to higher maximum anodization voltage [42, 43] and the better arrangement as consequence. However, above a critical applied anodizing potential, on the aluminum oxide the hillocks and cracks appears resulting in lower quality of AAO matrix [21] . One of the parameter to characterize the ideality of the obtained nanopores is circularity (C), which can be estimated according to the following Eq. (2):
where S is a surface area occupied by single pore and L is a perimeter of pore. When the pore is an ideal circle the C equals 1.0, but if the pore deformation occurs the C value decrease and when pore is similar to elongated polygon the C value is close to 0. The average pore circularities calculated for all investigated sample was given in Table 2 .
The highest circularities were noticed for AAO formed after the second step of anodization on high-purity aluminum at 15 V and for AAO after the first step of anodization produced on low-purity aluminum at 15 V, which was confirmed by SEM observation but was incoherent with calculated regularity ratio (Fig. 4) . The majority of calculated circularity was rather low values, independently from the step of anodizing reaction, wherein the nanostructures were formed. It should be remembered that the two-step anodization was performed at low temperature (-1°C), which resulted lower reaction rate and consequently, lower porosity, circularity and finally less regular shape of nanopores.
Conclusion
In summary, the slight better arrangement of nanopores and concaves were for high-purity aluminum than for low-purity aluminum for every step of anodization conducted up to 30 V, but the differences were not significant. At certain experimental conditions the regularity of nanopores obtained on low-purity aluminum was extraordinary high. The arrangement of nanopores was generally better for AAO formed after the second step of anodization than for the oxide formed after the first step of anodization, especially for nanostructures obtained at anodization potential above 20 V for low-purity as well as high-purity aluminum. The arrangement of concaves and AAO formed after the second step of anodization obtained on both starting materials (regardless of aluminum foil purity) increase with applied potential up to 30 V. The arrangement of the oxide obtained after the second step of anodization formed on high-purity aluminum at 35 V was surprisingly low, due to the formation mainly of nanotubes, instead of the nanopores. It was found that interpore distance was affected by purity of anodizing aluminum: D c was greater for nanostructures obtained on low-purity aluminum than on high-purity aluminum for all tested Table 2 Circularity of anodic aluminum oxide formed after the first step of anodizing, concaves after the oxide removal and anodic aluminum oxide formed after the second step of anodizing in 0.3 M sulfuric acid with glycol as modulator at temperature of -1°C for various anodizing voltage on high-purity and low-purity aluminum
Potential (V)
High-purity aluminum Low-purity aluminum experimental conditions. There is no clear relationship between arrangement of the anodic oxide formed after the first step of anodization, concaves and the oxide formed after the second step of anodization as it could be expected.
